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The possibility to electrically tune the optical transparency of thin membranes is of significant interest 
for a number of possible applications, such as controllable light diffusers and smart windows, both for 
residential and mobile use. As a difference from state-of-the-art approaches, where with an applied 
voltage the transparency can only increase or decrease, this paper presents the first concept to 
make it electrically tuneable to both higher and lower values, within the same device. the concept is 
applicable to any soft insulating membrane, by coating both of its surfaces with a circular transparent 
stretchable conductor, surrounded by a stretchable annular conductor. the two conductors are used 
as independently addressable electrodes to generate a dielectric elastomer-based actuation of the 
membrane, so as to electrically control its surface topography. We show that the optical transmittance 
can electrically be modulated within a broad range, between 25% and 83%. This approach could be 
especially advantageous for systems that require such a broad tuning range within structures that have 
to be thin, lightweight and acoustically silent in operation.
Smart membranes with optical transparency that can be electrically tuned are gathering growing interest for 
possible applications in various fields. For instance, controllable light diffusing filters that can continuously adjust 
the degree of light diffusion are used to either avoid eye damage from direct spot lights, hide details or obtain soft 
illumination1. As another example, so-called smart windows are being employed to replace conventional sunlight 
shades, for instance in new-generation passenger airplanes2. Similarly, smart privacy glass is being used as a sub-
stitute for louver blinds in modern buildings3. At present, the majority of such devices with electrically control-
lable transparency is based on electrochromic materials, where an electric field-driven transport of ions between 
an ion storage film and an electrochromic film is used to modulate the optical transmittance3–6. Other types of 
devices are based on polymer-dispersed liquid crystals (PDLC), where the application of a voltage changes the 
alignment of liquid crystal molecules, so as to electrically switch the transparency7–10.
Recently, so-called dielectric elastomer actuators (DEAs) have been shown as an alternative promising tech-
nology to achieve large and continuous voltage-induced changes in optical transparency11–18. DEAs, which belong 
to the broader family of electromechanically active polymers19, essentially are electrically deformable capacitors, 
typically consisting of a dielectric elastomer membrane carrying two compliant electrodes. By applying an electric 
field across the membrane, the structure can continuously and reversibly deform, showing surface expansion and 
thickness compression20,21. The deformation is induced by an effective electrostatic pressure p = ε0εrE2, where ε0 
is the dielectric permittivity of vacuum, εr is the material’s relative dielectric constant and E is the applied electric 
field21. The DEA technology is in general suited to obtain electrically adaptive devices that exhibit large strains, 
fast response, high resilience, lightweight, high energy efficiency and no acoustic noise22–24. In recent years, a 
diversity of DEA-based devices has been reported for optical applications, including electrically tuneable lenses, 
diffraction gratings, phase retarders and colour changing devices25–30. DEAs have also been used to electrically 
tune the optical transparency of soft insulating membranes, with various strategies, which can be grouped as 
presented in Fig. 1.
The first strategy (Fig. 1a) consists in coating the soft dielectric membrane with stretchable transparent elec-
trodes, which are initially made translucent by mechanically inducing an electrode wrinkling and then are made 
more transparent by electrically inducing an electrode smoothing11–13. In a second approach (Fig. 1b), the trans-
parency can be reduced by means of cratering-type surface electromechanical instabilities of transparent elec-
trodes covering the membrane fixed to a rigid substrate, typically requiring very high electric fields14–17. In a 
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third approach (Fig. 1c), voltage-controlled light shutters are obtained by encapsulating liquid crystals into the 
membrane and sandwiching it between transparent electrodes, to achieve an operation similar to that of PDLC 
windows, producing on-off switching18. According to all these state-of-the-art approaches, by using electrical 
means the optical transparency can only be increased or decreased.
Here, we present the first concept to make the optical transparency electrically tuneable to both higher and 
lower values, within the same device. The concept is applicable to any soft insulating membrane, by coating both 
of its surfaces with a central circle of transparent stretchable conductor, surrounded by a stretchable conducting 
ring. We show how the resulting transparency of the central area can be electrically modulated with dual opera-
tion, such that it can be both increased and decreased, depending on whether the electrical activation is used to 
generate an expansion or a contraction.
Results and Discussion
electrically induced expansions and contractions of a soft membrane to tune its transpar-
ency. The dual-operation concept proposed in this work originates from the combination of the expan-
sion-mode operation mentioned above (Fig. 1a) with a contraction-mode operation, based on a different 
structure described below. The two operation modes and their integration into a dual-mode single device that 
can exploit both of them are schematically presented in Fig. 2.
The expansion-mode device (Fig. 2a) is obtained as follows. The elastomeric membrane is firstly biaxially 
pre-stretched and then coated on both sides with a transparent deformable conductor to create electrodes, which 
define a circular DEA. By making the electrode’s stiffness higher than that of the elastomer, it is possible to cre-
ate wrinkles on the electrode layer when the pre-stretch is reduced. After that, the membrane is clamped to a 
rigid circular frame. At electrical rest, the wrinkled electrodes scatter the transmitted light, making the sandwich 
opaque. When a voltage is applied, the resulting surface expansion causes the wrinkles to flatten, thereby reducing 
the scattering and so leading to a higher optical transparency (Fig. 2a). Therefore, this configuration, known from 
the state of the art, translates increasing voltages into an increasing transparency.
On the other hand, if any given application requires that the membrane at electrical rest is transparent and 
then should become progressively opaque with increasing voltages, a different concept is required. To achieve 
this, in this work we envisaged a contraction-mode device presented in Fig. 2b. It is obtained by firstly biaxially 
pre-stretching the elastomeric membrane and coating both sides of it with a transparent deformable material on a 
central area. The membrane is then fixed to a rigid holding frame and a conductive stretchable material is applied, 
on both sides, creating an outer ring, separated from the central circle. That ring (which can be non-transparent) 
works as the stretchable electrode of an annular DEA, whilst the central circle (which can be non-conductive) acts 
as a deformable medium with strain-dependent scattering of the transmitted light. When the device is at electrical 
rest, the central coating is optically transparent. When a voltage is applied, the annular electrodes expand towards 
the centre (as they are constrained at their outer edge), causing the central area of the membrane to relax, due to 
a reduction of its pre-stretch. If the stiffness of the central coating is higher than that of the elastomer, the result-
ing effect is the creation of wrinkles, which scatter light and so reduce the transparency (Fig. 2b). Therefore, this 
alternative configuration allows for using increasing voltages to decrease the transparency.
Figure 1. State-of-the-art strategies to achieve DEA-based devices with electrically tuneable optical 
transparency: (a) expansion of a soft membrane with wrinkled stretchable transparent electrodes; (b) cratering-
type surface instability of a constrained soft membrane with transparent electrodes; (c) alignment of liquid 
crystals encapsulated within a soft matrix sandwiched between transparent electrodes. With strategy (a), at 
electrical rest the wrinkled electrodes cause extensive scattering of the transmitted light, whilst a voltage-
induced surface expansion flattens the wrinkles, thereby increasing the transparency. With strategy (b), 
the transparency of the device at electrical rest is reduced by an applied voltage, due to electromechanical 
instabilities that form craters, which scatter light. With strategy (c), at electrical rest the twisted liquid crystals 
scatter light, whilst voltage-induced alignments of the crystals increase the transparency. Note: the change of 
membrane thickness resulting from the actuation of each device is not shown for simplicity.
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Nevertheless, there might be application scenarios where it could be of interest to electrically tune the trans-
parency to both higher and lower values, within the same membrane. To address this need, we conceived an inte-
gration of the two concepts described above, leading to the dual-mode (expansion-contraction) device shown in 
Fig. 2c. It can be assembled using the same procedure adopted for the expansion-mode device (Fig. 2a), although 
in this case both the surfaces also host outer ring-shaped stretchable electrodes, to form an annular DEA, as 
for the contraction-mode device (Fig. 2b). Note that the central transparent material is not only deformable, as 
required by the contraction mode, but also electrically conductive, as required by the expansion mode. On each 
surface, the outer ring electrode encircles the central circular electrode without contact between them, so that the 
two can be electrically activated independently. Indeed, their independent driving enables a dual operation of the 
device: the transmitted light scattering caused by the wrinkled central area at electrical rest can be either increased 
or decreased, depending on whether the electrical activation concerns the annular DEA (contraction mode) or 
the circular DEA (expansion mode), respectively (Fig. 2c).
The three concepts described above were implemented to investigate how the proposed dual-mode configu-
ration performs as compared to the single-mode ones. The experiments were based on pre-stretched dielectric 
elastomer membranes made of a commercial acrylic elastomer film (VHB tape series, by 3M), as detailed in 
Figure 2. Concepts for a DEA-based electrical tuning of the optical transparency of a soft membrane working 
in (a) expansion mode, (b) contraction mode or (c) dual expansion-contraction mode. Note: the (non-uniform) 
change of membrane thickness resulting from the actuation of each device is not shown for simplicity.
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Methods. This elastomer was chosen because of its extensive usage within the DEA field as a test material, due to 
a high electromechanical transduction performance in quasi-static conditions and a simplification of manufac-
turing processes resulting from its adhesive properties20–24.
The most challenging aspect of the implementation was the material to be used as transparent deformable 
conductor. The state of the art offers a diversity of materials31, including silver nanowires14, metal oxide thin 
films11,12, carbon nanotubes17,32, graphene33, ionogels34 and conducting polymers35. Among them, PEDOT:PSS 
was selected as a conducting polymer extensively used for transparent electrodes in flexible organic electronic 
devices36. PEDOT:PSS can offer transparency and conductivity comparable to those of indium-tin oxide elec-
trodes37,38. Nevertheless, the order of magnitude of its Young’s modulus in pure form is usually as high as 1 GPa39. 
This would prevent PEDOT:PSS from serving as an effective compliant electrode for DE actuation. However, the 
addition of dimethylsulfoxide (DMSO) and a zonyl fluorosurfactant into an aqueous PEDOT:PSS solution makes 
it possible to produce transparent PEDOT:PSS electrodes that are stretchable40,41, with reported retentions of 
conductivity for strains in excess to 180%36. Therefore, in this work the membrane was spray coated with a thin 
layer of PEDOT:PSS to create the central stretchable transparent conducting area, and for the contraction- and 
dual-mode devices a carbon grease was used to create the outer non-transparent stretchable electrodes. Details 
about materials and fabrication processes are reported in Methods.
These materials were used to assemble the three devices described above. In order to obtain a roughly 
symmetrical behaviour and enable proper comparisons of their performance, they were carefully sized as fol-
lows. They all had the same membrane’s outer diameter, so as to have the same size constraint. With respect 
to the reference configuration represented by the expansion-mode device, the PEDOT:PSS coated area of the 
contraction-mode device had at electrical rest the same diameter (28 mm) that the expansion-mode device had 
prior to wrinkling during manufacturing (Fig. 2). With this choice, the contraction-mode device had at electrical 
rest the same transparency and same window size of the expansion-mode device when its wrinkles are electrically 
flattened; moreover, with an applied electric field sufficiently high to reduce the diameter to the same value that 
the reference device has at rest (24.5 mm), the contraction-mode device was made able to reach the same opacity 
(wrinkling) of the reference device at rest (Fig. 2). This behaviour was confirmed by the tests presented in the 
next section. For the dual-mode device, the PEDOT:PSS diameter was the same as that for the reference device 
(24.5 mm), so as to achieve the same effect when used in the expansion mode (Fig. 2).
The size of the annular electrode in the contraction- and dual-mode devices was identical, in order to ensure 
an analogous effect. Indeed, for any given active strain of the annular surface, a wider annulus would have a larger 
deformation, inducing a higher strain of the central region. In particular, the annulus width (difference between 
its outer and inner diameters) was made identical (14 mm) to the radius of the PEDOT:PSS coated area of the 
expansion-mode device (Fig. 2).
This sizing of the three devices enabled a comparative investigation of their performance, which is presented 
below.
electrical tuneability of the soft membrane transparency. The electro-optical transduction perfor-
mance of each device was characterised in the 400–800 nm visible range (see Methods), quantifying how different 
electrical activations changed the optical transmittance measured in both the near and far fields. According to 
the test equipment used in this work, near and far fields are here defined as a device-to-detector distance of 5 and 
40 cm, respectively (see Supplementary Fig. S1).
In the near field, the measurements concerned both the diffuse transmittance Td (percentage of incident light 
transmitted as diffused light) and the total transmittance Tt (percentage of incident light transmitted as a whole, 
including both diffused transmitted and specular transmitted components, i.e. scattered and not), which were 
detected as detailed in the Supplementary Fig. S1. The data were also used to calculate the transmission Haze, 
defined as the ratio between the near-field diffuse and total transmittances: Haze = Td/Tt. The Haze value, repre-
senting the percentage of total transmitted light that propagates as diffused light, was used to give an indication 
of the cloudy appearance of the sample42.
In the far field, we simply considered a far-field transmittance, without any further distinction between dif-
fused and specular components, due to the fact that such a difference tends to progressively lose significance as 
the sample-to-detector distance increases (the diffused component tends to be lost by the measurement equip-
ment - see Supplementary Fig. S1).
The near-field total and far-field transmittances of the pre-stretched acrylic elastomer membranes (without 
any coating) were approximately 92% at 550 nm, whilst their Haze value was lower than 0.5% at 550 nm. The 
electro-optical transduction performance achieved while using the membranes in the three described configu-
rations to tune their transparency is presented in Fig. 3, whereas their corresponding optical spectra are given in 
the Supplementary Fig. S2.
Owing to the transparency of PEDOT:PSS thin film, all the devices had at electrical rest a rather high 
near-field total transmittance (around 80%, Fig. 3), which could then be electrically increased or decreased, 
according to either the expansion or contraction mode, respectively. Any electrically-induced increase/decrease 
of the near-field total transmittance (green curves in Fig. 3) was due to a smoothening/wrinkling of the surface, 
which caused a reduction/increase of the near-field diffuse transmittance (red curves in Fig. 3) and an increase/
decrease of the far-field transmittance (blue curves in Fig. 3).
Interestingly, in all the cases the near-field total transmittance corresponded rather accurately (±5% 
error) to the sum of the near-field diffuse transmittance and the far-field one (Fig. 3). This means that the 
sample-to-detector distance adopted in the far field (40 cm) was sufficiently long that in practice nearly all the 
diffuse component of the transmitted light was not detected (Supplementary Fig. S1), such that the far-field 
transmittance was essentially representative only of light that was specular transmitted, i.e. not scattered. The 
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Figure 3. Electro-optical transduction performance of the tested soft membrane-based devices working in 
(a) expansion mode, (b) contraction mode or (c) dual expansion-contraction mode. For each configuration, 
the electrically-induced variations of the transmittances (near-field total, near-field diffuse and far-field) at 
550 nm and the Haze number at different wavelengths are shown. Each data point represents the average value 
from three sample devices. Error bars corresponding to the standard deviation are included, although most 
of them are too small to be seen within the 0–100% range of the graph. The photographs visualise the change 
in transparency due to the specified electric fields, which caused the reported area strains of the PEDOT:PSS 
window: the first photo set shows the device covering text 3 cm away, whereas the second set shows flowers 
approximately 100 cm away from a device attached to the camera lens.
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so-achieved far-field transmittance then provides a quantification of the transparency that an observer can per-
ceive while looking through the device window, perpendicularly to it, from that distance.
From a qualitative standpoint, the electrical tuneability of the transparency can be observed from the photos 
in Fig. 3, which were taken by arranging the devices either in front of a camera (to image the whole device and a 
text behind it, also showing the electrode deformation at different electric fields) or attached to its lens (to image a 
whole scene with flowers as seen through the device window). The controllability of the dual-mode device is also 
visible in the Supplementary Video SV1. The cloudy appearance of the three devices, as a result of their electrically 
variable scattering of light, is quantified by the Haze-field plots (Fig. 3).
The electrically induced area strains experienced by the PEDOT:PSS coated circles are presented in Fig. 4. In 
particular, strain-field and transmittance-field plots are shown with data sets taken both immediately after fabri-
cation and up to eight weeks later.
The first evidence is that the electro-mechano-optical performance was found to be particularly stable within 
the monitored time span. Moreover, the strain-field plots provide further insights on how the electrical actuation 
of the membrane in each configuration affects its transparency, as discussed below. For the sake of comparisons, 
in the following we consider data at a maximum applied field of 74 V/µm, as it is the highest available for all the 
three cases (Fig. 4)
For the expansion-mode device, the area strain at 74 V/µm (about 24.6%, Fig. 4a) corresponded to an increase 
of the PEDOT:PSS diameter from 24.5 to 27.4 mm, which was close to the size before the creation of the wrin-
kles during manufacturing (28 mm, Fig. 2a). Therefore, the electrical activation of the wrinkled electrodes could 
recover a nearly smooth surface. Moreover, as 28 mm was also the PEDOT:PSS diameter of the contraction-mode 
device at electrical rest (Fig. 2b), the transparency electrically reached by the expansion-mode device was basi-
cally the same as that of the contraction-mode device at rest. This was confirmed by the transmittance measure-
ments (Fig. 4a,b).
For the contraction-mode device, the area strain at 74 V/µm (about −15%, Fig. 4b) corresponded to a reduc-
tion of the PEDOT:PSS diameter from 28 to 25.8 mm, which was close to the size of the expansion-mode device 
at electrical rest (24.5 mm, Fig. 2a). So, the electrical activation of the contraction-mode device was able to create 
a level of wrinkling comparable to that of the expansion-mode device at rest, and so also a comparable scattering 
of light. This was confirmed by the transmittance measurements (Fig. 4a,b).
For the dual-mode device, the operation in expansion or contraction mode created at 74 V/µm a strain of 23% 
or –17.2%, respectively (Fig. 4c), changing the PEDOT:PSS diameter from 24.5 mm to either 27.2 or 22.3 mm, 
respectively. Therefore, when used in expansion mode, the device behaved like the single expansion-mode one; 
this was confirmed by the transmittance measurements (Fig. 4a,c). When used in contraction mode, however, the 
lower strain achieved made the electrical reduction of the transmittance smaller than that occurring in the single 
contraction-mode device (Fig. 4b,c).
Figure 4. Electro-mechano-optical performance stability over time. The dependence on the applied electric 
field of both the area strain of the PEDOT:PSS-coated circle and its far-field transmittance at 550 nm are shown 
at different times after fabrication for devices operating in (a) expansion mode, (b) contraction mode or (c) 
dual expansion-contraction mode, respectively. Each data point represents the average value from three sample 
devices. Error bars corresponding to the standard deviation are included, although most of them are too small 
to be seen within the 0–100% range of the graph.
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The creation and relaxation of surface wrinkles underpinning this electro-mechano-optical performance was 
studied with a microscopic investigation, described below.
Microscopic investigations on the reversible surface wrinkling. Atomic force microscopy (AFM) 
and scanning electron microscopy (SEM) were used to investigate the reversible formation of surface wrinkles 
within the PEDOT:PSS thin films at different area strains. The strain values were selected as representatives of 
those experienced by the PEDOT:PSS-coated region in the three devices, either mechanically or electrically. To 
this end, the acrylic elastomer membrane was first biaxially pre-stretched by 4 times and then coated with a thin 
circular layer of PEDOT:PSS. From this condition, the membrane was partially relaxed by reducing the stretch, 
such that the PEDOT:PSS circle was subject to area strains of −10%, −19% and −28%. Subsequently, the strains 
were reversed back to −19%, −10% and 0%, by progressively stretching the membrane again, so as to investigate 
the surface wrinkling reversibility. The results are presented in Fig. 5.
As revealed by both the AFM and SEM images, the initial smooth surface of the as-created PEDOT:PSS film 
(Fig. 5a) showed progressively growing wrinkling as the area progressively contracted (Fig. 5b-d). In particular, 
the wrinkles increased in number (surface density) and height, with peak values ranging from about 0.3 µm at a 
−10% strain to about 1.5 µm at a −28% strain (Fig. 5). These morphological surface changes were fully reversible, 
as shown by the images taken at strains that were progressively reverted back to 0% (Fig. 5e–g).
Therefore, as the electrical actuation of the membranes induced strains analogous to those used in these tests, 
these results provide evidence that the electrical tuning of the membrane transparency occurs via a surface wrin-
kling that shows up with topological patterns that can be controlled in a continuous and reversible manner.
performance comparisons. In order to compare how the three driving modes affect the electro-optical 
performance, Fig. 6a reports for the three cases the tuning ranges of the far-field transmittance and the Haze value 
(both at 550 nm), for electric fields up to 74 V/µm.
Compared to the expansion-mode configuration, the contraction-mode one offered a wider tuning range, 
both for the transmittance and the Haze value. With respect to the contraction-mode device, the dual-mode 
configuration was capable of a broader range, both for the transmittance and the Haze (Fig. 6a), although its main 
advantage clearly is the possibility to reach both higher and lower transparencies from the rest condition.
In order to increase the portion of scattered light and so increase the tuning range, the same investigations 
presented above were repeated on another set of three systems, each consisting of two coaxially-aligned, 3 
mm-spaced devices, operating in parallel according to one of the three modes described above. Therefore, light 
was forced to pass through total four layers of wrinkled PEDOT:PSS films. The characterisation of these systems 
is presented in the Supplementary Figs. S3 and S4, whereas the resulting tuning ranges are summarised in Fig. 6b.
It is evident that, for each driving mode, the double-membrane system outperformed the single-membrane 
one in terms of tuning range amplitude (Fig. 6). However, the doubled number of wrinkled PEDOT:PSS layers 
reduced the maximum transmittance that can be achieved among the three devices, from more than 85% to about 
75% (Fig. 6). Therefore, doubling the number of membranes/aligned devices is a useful strategy to increase the 
tuning range, although at the cost of a reduced maximum transparency.
conclusions
Three ways to electrically tune the optical transparency of soft elastomeric membranes, using dielectric elastomer 
actuation, were presented and compared. The driving strategies were based on different methods to electrically 
modulate the surface topography of a transparent PEDOT:PSS thin film covering the membrane surface.
The configurations operating in expansion/contraction modes were used to electrically increase/decrease the 
light transmittance, whilst the dual-mode configuration enabled a modulation of transparency to both higher and 
lower values, with the broadest tuning range of far-field transmittance (25%-83%). Within the monitored time 
span of 8 weeks, all the implemented devices exhibited stable electro-mechano-optical performance.
Coaxially aligning two of such devices served to broaden the transmittance tuning range (7%-66%), although 
at the cost of reducing the transmittance maximum value.
Future developments could improve the device performance by optimising the area ratio of the two independ-
ent electrodes, according to application-driven specifications in terms of required window size and acceptable 
device size. To this aim, a useful tool would be represented by computational models, such as that by Lu et al.43.
Improvements could also concern the use of conductive deformable transparent materials with higher refrac-
tive index, in order to increase the scattering of light when the surface is wrinkled, and so further extend the 
transmittance tuning range. The significant diversity of stretchable transparent materials available today, as 
recalled in the introduction, offers a wide range of choices to be explored for possible improvements.
Furthermore, the use of membranes made of silicone elastomers is expected to lead to devices capable of the 
highest possible tuning speeds, as it can be inferred from previous investigations on tuneable lenses driven by 
dielectric elastomer actuation26.
As an example of application, the various configurations described in this paper to electrically tune the trans-
parency of elastomeric membranes could be useful for tuneable ‘windows’. They are here generically defined as 
any interface that separates distinct environments and is able to transmit light. So, they are not necessarily limited 
to conventional windows used in buildings and vehicles. Depending on the specific type of system/application 
of interest, and, so, the specific functionality required, a device configuration could be more advantageous than 
others. For instance, for a window of a building, the need is usually not to enable both increases and decreases of 
the transparency, but, rather, just to reduce it (e.g. during sunshine) from a high value at rest. So, in this case, the 
contraction-mode device would be more useful. Differently, there might be other systems/applications, such as 
windows acting as light filters in optical machines, where the need for commuting to both a lower and a higher 
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transparency could justify the use of the dual-mode device, even at the cost of requiring a constant voltage to keep 
the maximum-transparency state.
Therefore, as for any other technology, the selection of a configuration for a given application should weight 
the pros and cons according to the functional needs. For that selection, moreover, the energy consumption 
Figure 5. Investigation on the reversible surface wrinkling of the PEDOT:PSS thin film covering the elastomer 
membrane, as a result of different imposed strains. AFM plots (second and third columns) and SEM images 
(fourth column) of the surface are shown at an area strain of (a) 0%, (b) −10%, (c) −19% and (d) −28%, 
resulting from a progressive reduction of the membrane stretch, and then at an area strain of (e) −19%, (f) 
−10% and (g) 0%, resulting from a re-increase of the membrane stretch.
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requirements should be considered as well. With regard to this, it is worth stressing that driving any of the pro-
posed configurations with a constant voltage would consume very limited current (just leakage current) and so, 
very limited power, due to the capacitive nature of the load (as for any DEA). This property, combined with the 
characteristic thin structure, low specific weight and acoustically silent operation, makes this technology attrac-
tive to electrically control the transparency of soft membranes.
Methods
Dielectric elastomer membrane. All the tests were performed using clear and adhesive acrylic-based 
elastomer membranes (VHB 4910, 3M, USA). The membranes were biaxially pre-stretched (see the values spec-
ified below), in order to achieve a well-known increase in the electromechanical transduction performance, as 
first documented by Pelrine et al.20 and later on explained in different ways by Brochu and Pei22 and Koh et al.44 
The membrane had at rest a thickness of 1 mm, which then reduced to a lower value, depending on the applied 
pre-stretch, as detailed below.
Stretchable transparent conductive material. Stretchable, conductive and transparent layers on 
the dielectric elastomer membranes were obtained by spray coating a PEDOT:PSS compound, consisting of a 
17.2 wt% aqueous PEDOT:PSS solution (Clevios PH 1000, Heraeus, Germany), 0.86 wt% dimethyl sulfoxide 
(DMSO, Sigma-Aldrich, UK), 6.9 wt% fluorosurfactant (Capstone FS-30, Apollo Scientific, UK) and 75 wt% iso-
propanol (2-Propanol, Sigma-Aldrich, UK).
fabrication of the tuneable devices. The expansion-mode device was fabricated as follows. A volume of 
25 µL of the PEDOT:PSS compound solution was used to spray on both sides of a 4-times pre-stretched VHB elas-
tomer membrane a 28 mm-wide circular thin layer (estimated thickness lower than 100 nm), to be used as a trans-
parent electrode. Then, the membrane was partially relaxed to a 3.5-times pre-stretch, making the PEDOT:PSS 
electrode wrinkled, due to the dissimilar stiffness with the elastomer membrane45. Then resulting −23.4% area 
strain corresponded to a reduction of the electrode diameter from 28 to 24.5 mm (Fig. 2a) and an increase of the 
membrane thickness from 62.5 to 81.6 µm (calculated values). The membrane was finally fixed to a support frame, 
taking advantage of its adhesive properties.
The contraction-mode device was fabricated in the same way as the expansion-mode one, although 
without any reduction of the 4-times pre-stretch. So, the membrane thickness was about 62.5 µm and the 
PEDOT:PSS-coated central area had a diameter of 28 mm. A non-transparent stretchable conductor, consisting 
of conductive carbon grease (Carbon Conductive Grease 846, M.G. Chemicals, Canada), was smeared on the 
annular outer region of each side of the membrane, so as to obtain ring-shaped stretchable electrodes. The central 
circular area was separated by the outer annular area by a gap of 2 mm (Fig. 2b).
The dual-mode device was fabricated combing the procedures described above. So, the membrane thickness 
was about 81.6 µm and the PEDOT:PSS electrode had a diameter of 24.5 mm. The gap between the circular and 
annular electrodes was 3.75 mm wide (Fig. 2c).
For all the devices, the PEDOT:PSS layer was oven dried for 30 min at 80 °C. A copper tape was used to con-
nect each electrode to the voltage source.
electrical driving. In order to drive the devices, a compact DC-DC high voltage converter (Q-series, 
EMCO High Voltage Corporation, USA) was used to produce voltages up to 6 kV, which were monitored with a 
high-voltage probe. Each voltage value was divided by the membrane’s thickness at electrical rest (81.6 or 62.5 µm, 
as describe above), in order to calculate the applied (nominal) electric field.
characterisation of the optical transparency. Transmittance spectra of the tuneable devices were char-
acterised, in the 400–800 nm visible range, using a Perkin Elmer Lambda 950 UV-vis spectrometer with a 10 
cm-wide integrating sphere.
Measurement of the actuation strains. The actuation strains were calculated by processing images 
(taken at different driving voltages) with the software Image J.
Figure 6. Tuning ranges of the far-field transmittance and Haze value at 550 nm for the three operating modes. 
Data are presented for (a) a single device and (b) two coaxially aligned devices. (b) The arrows indicate the 
directions of variation for increasing electric fields, up to 74 V/µm.
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Microscopic characterisation of the surface wrinkling. The reversible formation of surface wrinkles 
within the PEDOT:PSS thin films at different area strains was investigated using an atomic force microscope 
- AFM (NanoWizard 4 BioAFM, JPK Instruments AG, Germany) and a scanning electron microscope - SEM 
(Inspect F50, FEI, USA). The AFM images were taken with a cantilever probe (NSG01, NT-MDT, Russia) having 
a resonant frequency of around 150 kHz and a spring constant of 3.5 N/m. The SEM images were taken with an 
acceleration voltage of 2 kV.
Received: 17 July 2019; Accepted: 13 December 2019;
Published: xx xx xxxx
References
 1. Ohzono, T., Suzuki, K., Yamaguchi, T. & Fukuda, N. Tunable optical diffuser based on deformable wrinkles. Adv. Opt. Mater. 1, 
374–380 (2013).
 2. Williamson, M. & Venables, M. Special report: 50th Paris Air Show. Eng. Technol. 8, 18–19 (2013).
 3. Mortimer, R. J., Rosseinsky, D. R. & Monk, P. M. S. (eds.) Electrochromic Materials and Devices. (John Wiley & Sons, 2015).
 4. Granqvist, C. G. Electrochromic devices. J. Eur. Ceram. Soc. 25, 2907–2912 (2005).
 5. Niklasson, G. A. & Granqvist, C. G. Electrochromics for smart windows: thin films of tungsten oxide and nickel oxide, and devices 
based on these. J. Mater. Chem. 17, 127–156 (2007).
 6. Granqvist, C. G. Electrochromics for smart windows: oxide-based thin films and devices. Thin Solid Films 564, 1–38 (2014).
 7. Nicoletta, F. P. et al. Electrochromic polymer-dispersed liquid-crystal film: a new bifunctional device. Adv. Funct. Mater. 15, 995–999 
(2005).
 8. Cupelli, D. et al. Self-adjusting smart windows based on polymer-dispersed liquid crystals. Sol. Energy Mater. Sol. Cells 93, 
2008–2012 (2009).
 9. Kim, M. et al. Fabrication of microcapsules for dye-doped polymer-dispersed liquid crystal-based smart windows. ACS Appl. Mater. 
Interfaces 7, 17904–17909 (2015).
 10. Hosseinzadeh Khaligh, H., Liew, K., Han, Y., Abukhdeir, N. M. & Goldthorpe, I. A. Silver nanowire transparent electrodes for liquid 
crystal-based smart windows. Sol. Energy Mater. Sol. Cells 132, 337–341 (2015).
 11. Ong, H.-Y., Shrestha, M. & Lau, G.-K. Microscopically crumpled indium-tin-oxide thin films as compliant electrodes with tunable 
transmittance. Appl. Phys. Lett. 107, 132902 (2015).
 12. Shrestha, M., Asundi, A. & Lau, G. K. Smart window based on electric unfolding of microwrinkled TiO2 nanometric films. ACS 
Photonics 5, 3255–3262 (2018).
 13. Jun, K.-W., Kim, J.-N., Jung, J.-Y. & Oh, I.-K. Wrinkled graphene–AgNWs hybrid electrodes for smart window. Micromachines 8, 43 
(2017).
 14. Shian, S. & Clarke, D. R. Electrically tunable window device. Opt. Lett. 41, 1289–1292 (2016).
 15. Van Den Ende, D., Kamminga, J. D., Boersma, A., Andritsch, T. & Steeneken, P. G. Voltage-controlled surface wrinkling of 
elastomeric coatings. Adv. Mater. 25, 3438–3442 (2013).
 16. Lin, I. T., Wang, T., Zhang, F. & Smoukov, S. K. Fault-tolerant electro-responsive surfaces for dynamic micropattern molds and 
tunable optics. Sci. Rep. 7, 1–9 (2017).
 17. Shian, S., Kjeer, P. & Clarke, D. R. Electric-field induced surface instabilities of soft dielectrics and their effects on optical 
transmittance and scattering. J. Appl. Phys. 123, 113105 (2018).
 18. Yang, C. H., Zhou, S., Shian, S., Clarke, D. R. & Suo, Z. Organic liquid-crystal devices based on ionic conductors. Mater. Horizons 4, 
1102–1109 (2017).
 19. Carpi, F. (ed.) Electromechanically Active Polymers: A Concise Reference. (Springer International Publishing, 2016).
 20. Pelrine, R., Kornbluh, R., Pei, Q. & Joseph, J. High-speed electrically actuated elastomers with strain greater than 100%. Science 287, 
836–839 (2000).
 21. Pelrine, R. E., Kornbluh, R. D. & Joseph, J. P. Electrostriction of polymer dielectrics with compliant electrodes as a means of 
actuation. Sensors Actuators A Phys. 64, 77–85 (1998).
 22. Brochu, P. & Pei, Q. Advances in dielectric elastomers for actuators and artificial muscles. Macromol. Rapid Commun. 31, 10–36 
(2010).
 23. Carpi, F., Bauer, S. & De Rossi, D. Stretching dielectric elastomer performance. Science 330, 1759–1761 (2010).
 24. Carpi, F., De Rossi, D., Kornbluh, R., Pelrine, R. & Sommer-Larsen, P. (eds.) Dielectric Elastomers as Electromechanical Transducers: 
Fundamentals, Materials, Devices, Models and Applications of an Emerging Electroactive Polymer Technology. (Elsevier, 2008).
 25. Carpi, F., Frediani, G., Turco, S. & De Rossi, D. Bioinspired tunable lens with muscle-like electroactive elastomers. Adv. Funct. Mater. 
21, 4152–4158 (2011).
 26. Maffli, L., Rosset, S., Ghilardi, M., Carpi, F. & Shea, H. Ultrafast all-polymer electrically tunable silicone lenses. Adv. Funct. Mater. 
25, 1656–1665 (2015).
 27. Aschwanden, M., Beck, M. & Stemmer, A. Diffractive transmission grating tuned by dielectric elastomer actuator. IEEE Photonics 
Technol. Lett. 19, 1090–1092 (2007).
 28. Fang, Z. H., Punckt, C., Leung, E. Y., Schniepp, H. C. & Aksay, I. A. Tuning of structural color using a dielectric actuator and 
multifunctional compliant electrodes. Appl. Opt. 49, 6689–6696 (2010).
 29. Beck, M., Fiolka, R. & Stemmer, A. Variable phase retarder made of a dielectric elastomer actuator. Opt. Lett. 34, 803–805 (2009).
 30. Zhao, Q. et al. Electric-field-tuned color in photonic crystal elastomers. Appl. Phys. Lett. 100, 101902 (2012).
 31. McCoul, D., Hu, W., Gao, M., Mehta, V. & Pei, Q. Recent advances in stretchable and transparent electronic materials. Adv. Electron. 
Mater. 2, 1–51 (2016).
 32. Yuan, W. et al. Fault-tolerant dielectric elastomer actuators using single-walled carbon nanotube electrodes. Adv. Mater. 20, 621–625 
(2008).
 33. Zang, J. et al. Multifunctionality and control of the crumpling and unfolding of large-area graphene. Nat. Mater. 12, 321–325 (2013).
 34. Chen, B. et al. Highly stretchable and transparent ionogels as nonvolatile conductors for dielectric elastomer transducers. ACS Appl. 
Mater. Interfaces 6, 7840–7845 (2014).
 35. Son, S. et al. Electromechanically driven variable-focus lens based on transparent dielectric elastomer. Appl. Opt. 51, 2987–2996 
(2012).
 36. Lipomi, D. J. et al. Electronic properties of transparent conductive films of PEDOT:PSS on stretchable substrates. Chem. Mater. 24, 
373–382 (2012).
 37. Hau, S. K., Yip, H. L., Zou, J. & Jen, A. K. Y. Indium tin oxide-free semi-transparent inverted polymer solar cells using conducting 
polymer as both bottom and top electrodes. Org. Electron. physics, Mater. Appl. 10, 1401–1407 (2009).
 38. Kim, Y. H. et al. Highly conductive PEDOT:PSS electrode with optimized solvent and thermal post-treatment for ITO-free organic 
solar cells. Adv. Funct. Mater. 21, 1076–1081 (2011).
 39. Tank, D., Lee, H. H. & Khang, D. Y. Elastic moduli of organic electronic materials by the buckling method. Macromolecules 42, 
7079–7083 (2009).
1 1Scientific RepoRtS |         (2019) 9:20125  | https://doi.org/10.1038/s41598-019-56505-9
www.nature.com/scientificreportswww.nature.com/scientificreports/
 40. Liu, J., Davis, N. R., Liu, D. S. & Hammond, P. T. Highly transparent mixed electron and proton conducting polymer membranes. J. 
Mater. Chem. 22, 15534–15539 (2012).
 41. Vosgueritchian, M., Lipomi, D. J. & Bao, Z. Highly conductive and transparent PEDOT:PSS films with a fluorosurfactant for 
stretchable and flexible transparent electrodes. Adv. Funct. Mater. 22, 421–428 (2012).
 42. Campo, E. A. Physical Properties of Polymeric Materials. In Selection of Polymeric Materials 175–203 (Elsevier, 2008).
 43. Lu, T., Cai, S., Wang, H. & Suo, Z. Computational model of deformable lenses actuated by dielectric elastomers. J. Appl. Phys. 114, 
104104 (2013).
 44. Koh, S. J. A. et al. Mechanisms of large actuation strain in dielectric elastomers. J. Polym. Sci. Part B Polym. Phys. 49, 504–515 (2011).
 45. Chen, Z. H., Fang, R., Li, W. & Guan, J. Stretchable transparent conductors: from micro/macromechanics to applications. Adv. Mater. 
31, 1900756 (2019).
Acknowledgements
L. Chen gratefully acknowledges financial support from the China Scholarship Council (CSC). M. Ghilardi 
gratefully acknowledges financial support from the European MSCA-ITN-2014-Iarie Sklodowska-Curie 
Innovative Training Network Programme (“MICACT - MICroACTuators” project, grant agreement 641822), 
and from the Italian Tuscany Region POR FESR 2014–2020 Programme (“BMI Focus”, RS2017, Regione Toscana, 
D.D. n.7165 del 24/5/2017). The authors gratefully thank Dr N. Gavara from Queen Mary University of London, 
for her support on the AFM measurements.
Author contributions
F.C. and J.B. conceived and supervised the work. L.C. developed the devices and performed the experiments. 
M.G. contributed to the fabrication of the devices. F.C., J.B. and L.C. wrote the manuscript.
competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-56505-9.
Correspondence and requests for materials should be addressed to F.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
